ABSTRACT Switched reluctance motor (SRM) is an energy efficient machine, which receives electrical energy from the power source and returns part of the stored magnetic energy back to the supply, during each cycle of the machine operation. Characteristically, the SRM possesses nonlinear characteristics due to dual saliency and magnetic saturation. The exertion is realized in developing a mathematical model of the machine in presence of huge input data tables, famously, known as static characteristics. These data tables are required for mathematical modeling of the machine in a single pulse, steady state and transient performances separately. This paper presents a simple and flexible mathematical model of a switched reluctance machine in MATLAB/Simulink environment. In Simulink, based on graphical coding environment, the proposed model uses fewer data tables and less simulation time. Furthermore, with less addition to the same proposed model, another operating mode of the machine is possible, under the same operating conditions. A similar model in MATLAB, based on test code environment is also proposed, using the same operating conditions as in the Simulink based model to see the difference. The obtained results are validated by comparing the results of both the models, and with the experimentally obtained results, under single pulse, steady-state, and dynamic modes of the machine operation. The proposed model can handle the measured or computed data of the flux linkage and static torque, respectively.
I. INTRODUCTION
Switched Reluctance Machine is a reliable motor under different environmental conditions. If compared, the machine is simplest of other machines. It is a brushless dc machine, powered from dc source by means of an electronic converter. It has double salient poles, each on stator and rotor. Less copper is used in the motor because rotor does not carry windings. The rotating torque in the machine is produced, as a result of the magnetic attraction of energized stator pole on the bordering rotor pole, resulting, an increased inductance and a decreased reluctance region [1] . Fig.1 shows, the construction, suitable converter, motor connections, and a power supply for a 4-phase (8/6 pole), SR machine. Due to the dual magnetic salient pole structure, and saturation aptitude of the magnetic circuit, the machine displays the nonlinear characteristics. Therefore, the modeling and simulation of SR machine become more distressed. There is a number of simulation models, reported in the literature on basis of different computer software, each has contributed acceptable results and validations.
In this research, an inclusive detail of the existing simulation models is presented. Finally, a simple and flexible mathematical model in Matlab/Simulink (Text based coding and graphical coding) environment is proposed. The results are compared with experimental results, under the same operating conditions. The proposed model addresses, the single pulse, steady-state and dynamic performances of the machine, For the purpose of the sketch, Fig.2 shows, the single pulse operating mode of SR machine in current chopping control and voltage pulse width modulation control [2] . Computer simulation based models are reported in the literature. In reference [3] , the dynamic model of a three-phase SR machine, based on time-stepping FEM (Final Element Method) is discussed. Furthermore, the winding end part inductance against rotor position is shown. The model [3] has not considered the static characteristic as input data in a single pulse and voltage PWM mode of the machine operation. A direct field-circuit coupled model is used for determination of magnetic field distribution. The obtained results comprise of current rise, torque, and speed. The steady state part is not shown when the transient is over to see the difference.
An electromagnetic force waveforms are shown in Matlab/ Simulink model [4] . In this model, the input data tables are not well-defined. The half bridge (H) converter for a 2-phase machine in Matlab/Simulink, is presented in [5] . For integral parameter calculations, FEMM software, and control circuit model were developed in PLECS software. The phase current and torque profile of a two-phase machine are not produced on the same scale. The instantaneous torque of two phases is also missing in the results. Therefore, the behavior and the trend of obtained results cannot be matched. The static and transient model based on FEM software is discussed in the model [6] . FEM model of a three-phase machine shows the transient behavior under fault in either phase. The results under the dynamic state with and without faults are shown. Total and phase torque results of the machine are not discussed. This model can be helpful for fault simulation. Further that, the obtained results are not kept on the same scale to distinguish the difference. A finite element (Maxwell and Simplorer) based model is presented and the static characteristics are obtained [7] . For lower speed considerations, the current chopping mode is preferred [7] . Furthermore, upper and lower limits required for the current chopping, are set at relatively high limits i.e. 22A and 17A. A FEM based model of switched reluctance machines are developed for a rotary, linear, and a rotary-linear mode respectively [8] . A new structure for a rotary-linear switched reluctance motor (SRM) has been presented in [9] . The motor design was initially presented by theoretical analysis, based on the standard equations. The obtained parameters for the RLSRM are verified by the model analysis, using 3-D-FEA. The dynamic model has shown the results for a linear and a rotary SR machines. The scales are not kept same for the display of results. Also, the torque profile of the machine is missing. A nonlinear dynamic model for the performance of an adjustable speed SRM drive has been proposed [10] . Two systems named, conventional and expert fuzzy system are used. This combination has given better results for performance of the machine. The speed, torque, and inductance waveforms are also shown. The presented work has separately shown results by using a Hybrid Fuzzy Controller, Pi Controller, and a Fuzzy Controller. From torque and inductance results, only steady-state operating mode of the machine is clear, and there is no evidence of the transient. Also, the phase current results in a three-phase machine are also missing. The electric and magnetic simulations on transient analysis are performed with the help of SPICE simulator [11] . The flux distribution is also highlighted in the paper. Furthermore, the phase current, torque, and speed waveforms are shown on the same scale, under the transient operating mode of the machine. However, the waveforms of the flux and total torque are not shown. Electromagnetic transients and DC/Power System Computer-Aided Design (EMTDC/PSCAD) software based model is presented for an SR machine, suitable for the dynamic performance [12] . The simulation results show, the transient and steady-state operating modes. It is notable that there is sharp decrease rate between two states. SPICE software has been suitable for its suitability in the electronic circuit simulations [13] , [14] . Therefore, it cannot be efficiently used in SR machines. On the other hand, PSCAD software is comparatively accurate and time-saving [10] . The suitability of this software for SR machines is due to its graphical interface. Shareware software is a progressive vehicle simulator [15] . It takes about 25 hours in dynamic simulation of SR machine. A FEM based model and Equivalent Circuit Simulation, assisted by Maxwell SPICE and Simplorer for an SRM system are presented [16] . The phase currents and applied voltage waveforms are shown. Whereas, the torque and speed waveforms are not shown. Results are validated with the experimental results. Another FEM based model of a tubular linear switched reluctance generator is presented [17] . The dynamic performance of the machine in terms of load current, winding current and force waveforms are shown. A Simulink model, in a single pulse operating mode of SR machine is presented [18] . It uses two data tables. In reference [19] , a 12/8 poles, SRM model is developed in Matlab/Simulink, for an optimal turn-off angle, based on [20] . A lookup table based model [21] , using Finite Element Method Magnetics (FEMM) software to produce magnetization characteristics of the machine, is presented. The waveforms of the instantaneous phase current, stator pole flux are produced by help of 2D Finite Element (FE) Transient Analysis. Another, FEM model is reported in literature, highlighting the static and dynamic analysis of the SR machines [22] . The dynamic torque profile is shown by using lookup tables. The simulation results are produced for the torque waveforms at different speed range and rotor positions i.e. 8 degrees and 23 degrees. A Matlab-Simulink model is proposed for the dynamic model of a three-phase switched reluctance machine [23] . A model based on FE analysis is presented in [24] . A combination of finite-element technology and PSCAD (Power System Computer Aided Design) circuit simulation provides, an accurate results for the SR motor [24] . In this paper, the different excitation blocks are shown, which are used as part of the simulation model. Furthermore, the results are produced at different load torques. The measured data for lookup tables of flux, torque and inductance is obtained through FEM. A Piecewise Hermite Cubic Spline and Fourier series, databased dynamic model is presented [25] . The effect of mutual coupling is also considered, and a complete set of results is obtained by comparing dual channel and a single channel modes [25] . Average torque and speed waveforms, in addition to the experimental results are also shown. Adaptive Neural Fuzzy Inference System (ANFIS) is used for the simulation [26] . Two data tables of inverted flux and static torque are also included in the model [26] .
II. INPUT DATA TABLES (STATIC CHARACTERISTICS)
Mainly, there are four input data tables: flux linkage (θ, i), inverted flux linkage (i, ), co-energy W (θ, i), and static torque T (θ, i). These data tables are commonly known as the static torque characteristics. Of these four data tables, the data of flux linkage is obtained from experiments, on an existing machine, with the help of a suitable computer software. Also, the data of static torque can be obtained from the experiments by using an existing machine from the locked rotor test. Alternatively, this data can also be achievable from the co-energy information, using equation 2. Similarly, an inverted flux linkage data is easy to obtain, once data of flux linkage is available. Third data table is achievable from equation 1.
A procedure of producing these data tables is described in [27].
Co energy is obtained from the relation
Static torque is given by the equation
III. THE PROPOSED MATHEMATICAL MODEL OF SWITCHED RELUCTANCE MACHINE
The proposed mathematical model is based on the voltage equations and a mechanical equation, as discussed below. The phase current through a 4-phase SR machine can individually be represented mathematically,
Where 1−4 represents flux linkage for 4-phases of the machine, v 1−4 denote the supply voltage and R is the resistance of machine windings. Equations 3-6 can be simplified,
where first and second terms on R.H.S of eq.9 are: voltage drop across resistance and inductance, the third term is an induced EMF. Omega (ω) is the rotational speed (rad/sec). The energy flow rate is given as
where terms used in equation 10 are separately identified as, power loss in coil caused by its resistance, stored magnetic energy and mechanical output power. The torque is given by
Based on the above equations, a simple and self-explanatory, mathematical model, is developed in Matlab/Simulink in the graphical environment. The proposed model addresses, the single pulse, steady-state and dynamic performances of the machine for same operating conditions, same input data tables, and same processing time. For the dynamic modeling of the machine, a mechanical equation is added to the set of above equations.
where J indicates the moment of inertia, T is electromagnetic torque, T L denotes load torque of the machine. Two input data tables i (θ, ) and T (θ, i) out of four input data tables, described in section II, are used in this proposed model. The proposed model is shown in Fig.3 . These data table blocks can be easily chosen from the Simulink library, named as; Function Block parameters lookup table for the current in which row index input values indicates rotor position. It is selected from −60 to 60 degrees with the interval of 3 degrees. The column index input values are selected from 0 to 6 with a small interval of 0.041. Similarly, table corresponding to the static torque of the machine in which column index is selected for current range from 0 to 14 amperes with an interval of 1ampere. The values of input data for both the tables are obtained as discussed earlier.
Other operating conditions are listed in Table 1 .
The obtained results consisting of instantaneous phase current and instantaneous phase torque, under the single pulse mode of the machine operation, are shown in Fig.4 (a) and Table 1 . Fig.4 (b) . For the comparison, another mathematical model, based on text coding in Matlab, is developed, under the same operating conditions, given in Table 1 . The algorithm for the programming, is a self-explanatory, as given in Table 2 [28]. The additional steps are useful in the numerical computations. Fig.5 is a representation of the phase current and torque waveforms under the steady state operating mode of the machine. Furthermore, the results produced from the dynamic operating mode of the machine are shown in Fig.6 , under the same operating conditions and with an addition of total torque and speed waveforms.
Results of instantaneous phase current, instantaneous torque in a single pulse operating mode of the machine, are shown in Fig.4 (a) and Fig.4 (b) . These waveforms are reproduced in steady state machine operation for four phases as shown in Fig. 5 (a) and Fig.5 (b) . The steady-state representation is actually, the repetition of the single phase, shifted at 15 degrees between each phase to complete one cycle.
Whereas, for the representation of instantaneous phase current, instantaneous torque, total torque and speed waveforms, with more cycles in the dynamic state of the machine operation, are shown in Fig.6 .
IV. VALIDATION OF THE RESULTS
In order to validate the proposed model, the produced results are compared with the experimental results of instantaneous phase current (for one cycle of the machine operation) of a four-phase machine, shown in Fig.7 . These results are VOLUME 6, 2018 experimentally obtained, when an existing SR machine with particulars, given in [27] was run under operating conditions, listed in Table 1 .
The results obtained from a graphical environment, Simulink based model, shown in Fig.4 (a) and (b) are compared with Fig.5 and Fig.7 , keeping one phase in consideration. Fig.6 is compared with experimentally obtained current waveforms shown in Fig.7 . A zoom option within the window of Fig.8 , in Matlab, was used for a convenience to see the trend.
From the current profile of the machine, the results produced from the proposed model sets a good agreement for the similar trend.
V. CONCLUSION
In this paper, a comprehensive review of the existing simulation models of switched reluctance machine is presented. Comparison of two mathematical models, based on different environments are presented. The produced results are compared and validated with those obtained from the experiments, under the same operating conditions for different performances of a switched reluctance machine. The key point of the proposed model is, an inclusion of three modes of the machine operation within one model, under the same instruction. Whereas, other simulation-based models, discussed above, including the text code based model, developed separately, uses all four data tables. Also, every time, these data tables are repeated and reproduced along with the numerical determination of the equations for the separate performance of the machine. Therefore, other presented models are complex and time taking. Moreover, the possible error can be produced and reaccumulated during the repetition of the code, and computational procedure. Furthermore, other models, including text code approach, are time-consuming due to the revisit and reconstruction of data tables. This is the reason that proposed model is easy, simpler, and well-defined. It also takes less time in producing results under different performance.
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